I. INTRODUCTION
Recently, the magnetocaloric effect (MCE) has received increasing attention because of its tremendous potential applications in the magnetic refrigeration technique at near to room temperature, which may offer an alternative to conventional gas-compressor-based refrigeration while also being more environmentally friendly. [1] [2] [3] [4] The MCE is defined as the thermal response of a magnetic material, such as a paramagnetic salt or a ferromagnetic substance, arising due to the coupling of the magnetic sublattice with a magnetic field. That is to say, when a magnetic field is applied, the temperature of a magnetic material increases. Conversely, when the external magnetic field is removed, the temperature decreases. Moreover, the MCE may be quantitatively characterized in terms of the isothermal magnetic entropy change (ΔS M ) and the relative cooling power (RCP), which are factors determined by the amount of heat transfer between the hot and cold ends in an ideal refrigerant. MCE materials with a large RCP have been highly sought after. Gadolinium (Gd) and its alloy Gd 5 Si 2 Ge 2 , with large MCE, have been considered as the most active refrigerants in room temperature magnetic refrigeration. 5 However, researchers have sought alternatives due to the high cost and nonrenewable nature of Gd.
Among materials with considerable magnetocaloric effects, optimally doped La 0.7 Ca 0.3 MnO 3 perovskite manganite has been widely studied in recent decades because of its tunable Curie temperature (T C ) of around 250 K, chemical stability, low production cost, 6 and similarly MCE comparable to that of Gd. 7 In terms of A-sites, previous studies have shown that the hole doping level x, the average A-site ionic radius ⟨r A ⟩, and the disorder are three main factors 8 that affect the physical properties of doped perovskite manganites. More specifically, A-site disorder is directly induced by the A-site ionic radius variance,
where q i , r i , and ⟨r A ⟩ are the atomic fraction, the ionic radius of i-type ions at the A-sites, and the average A-site ionic radius in the ABO 3 -type structure, respectively. [9] [10] [11] [12] After the pioneering experimental studies on σ 2 for Ln 3+ 1 − x M 2+ x MnO 3 10 in 1996, A-site ionic disorder effects in other manganites have become of immense interest. [13] [14] [15] Subsequent studies on σ 2 have led to the preparation of a series of samples with a fixed ⟨r A ⟩ but variable σ 2 , involving up to three different cations at the A sites, in which the radial distortion of the MnO 6 octahedra increases with increasing A-site disorder. Some systematic trends in σ 2 are also observed. 10, 13 Recently, Banik and Das 16 have found that ÀΔS M of samples have been broadened with increasing σ 2 (1.85 × 10 −3 -1.66 × 10 −2 ) and the RCP values have also been changed. Due to the effect of σ 2 , A-site ionic substitutions alter the pristine DE interaction and induce new magnetic interactions between A and B. 17, 18 Generally, A-site ionic disorder has a great effect on the magnetic properties of manganites, and it has been established that σ 2 is linearly correlated with T C . Numerous efforts have been made to study the modification of magnetic and related properties of the parent sample La 0.7 Ca 0.3 MnO 3 when the trivalent site ("La" site) is partially doped with other elements. 19 It is, therefore, of great interest to assess whether structural, magnetic, and magnetocaloric properties may be enhanced by tuning σ 2 .
The aim of this work has been to study the effect of A-site ionic disorder on MCE materials. To this end, we have chosen a fixed A-site average ionic radius ⟨r A ⟩ = 1.2052 Å of the parent oxide La 0.7 Ca 0.3 MnO 3 and prepared a series of samples La 0.7 − x Nd x Ca 0.3 − y (Ba,Sr) y MnO 3 with different σ 2 's. Compared to other rare-earth ions, Nd 3+ ions (1.163 Å) are almost the closest ionic radius to La 3+ ions (1.216 Å), and the ionic radii of Ba 2+ (1.47 Å) and Sr 2+ (1.31 Å) ions are similar to that of Ca 2+ ions (1.18 Å) (ionic radii are from Ref. 20 and relate to 9-coordination 10 ). A-site ionic disorder is already seen at x = y = 0 (σ 2 = 0.0002). The ratio between x and y at the A-site is changed according to Eq. (1) by tuning the values of σ 2 with the A-site average ionic radius ⟨r A ⟩ kept fixed. The detailed magnetic and MCE behaviors of the materials have been probed here. Studies of magnetization vs temperature and magnetic field data revealed an enhancement of RCP with increasing σ 2 . For A-site-doped La 0.7 Ca 0.3 MnO 3 compounds, though several previous studies 19, 21 have been concerned with their magnetic, MCE, and first-to-second-order (FOT-SOT) transformations, detailed analyses related to the effect of A-site disorder σ 2 on manganites exhibiting crossover of the firstorder transition (FOT) and second-order transition (SOT) have yet to be carried out. Moreover, to gain more insight into the relationship between σ 2 and FOT-SOT transformation, we discuss and carefully compare our results with those of previous studies.
II. EXPERIMENTAL

A. Sample synthesis
All powder samples were synthesized by a standard solid-state reaction method at high temperatures. The compositions of the samples calculated according to Eq. The raw materials were first suitably mixed in an agate mortar and then heated in air at 900°C for 36 h. The obtained powder was then pressed into pellets about 20 mm in diameter, which were calcined at 1200°C in air for 48 h. The samples were thrice ground to a fine powder and then pressed into pellets. Finally, they were sintered at 1200°C for 72 h to afford a series of polycrystalline samples.
B. Material characterization
The phase composition was analyzed by means of a Rigaku D/max-2500 powder X-ray diffractometer (CuK α radiation, λ = 1.540 56 Å). Crystal structures were refined by the Rietveld method. 21 The particle sizes of the polycrystalline samples were characterized by means of a Hitachi SU-8020 field-emission scanning electron microscope (SEM). Magnetic and magnetocaloric measurements were performed with a vibrating sample magnetometer (Lake Shore 7410). Thermomagnetic curves (M-T) was carried out with a field of 500 Oe. Isothermal magnetization curves (M-H) data were measured up to 1.6 T, while the isothermal magnetic entropy was calculated from the magnetizations at several temperatures near T C .
III. RESULTS AND DISCUSSION
A. Crystal structure analysis Figure 1 displays the X-ray diffraction (XRD) patterns of samples La 0.7 − x Nd x Ca 0.3 − y (Ba,Sr) y MnO 3 (σ 2 = 0.0002, 0.001, 0.003, 0.005, and 0.007). It is evident that no secondary phases can be discerned upon increasing the A-site disorder, as characterized by different variances σ 2 . The powder X-ray diffraction patterns were analyzed by the Rietveld refinement method using the Fullprof program, 22 as shown in Fig. 2 . All of the samples crystallized in a single orthorhombic structure with space group Pnma (No. 62) (La 0.7 Ca 0.3 MnO 3 phase, ICDD PDF 51161). The relatively strong intensity peaks were also optimized with the corresponding lattice planes in the figures.
The extracted refined lattice parameters are listed in Table I , along with those of the parent sample La 0.7 Ca 0.3 MnO 3 (σ 2 = 0.0002). As evidenced by the values of the goodness-of-fit parameters (R p , R wp , R exp , and χ 2 ), the fitting results were in good agreement with the data from the refinement process. Upon increasing σ 2 for a constant A-site cation mean radius ⟨r A ⟩ (1.2052 Å), the lattice parameters did not show a regular alternation. Arrott plots for La 0.7 Ca 0.3 MnO 3 and σ 2 = 0.001 and 0.003 were S-shaped, which will be comprehensively discussed in the next section, indicating that the lattice parameters a, b, and c of FOT samples vary less with σ 2 than those of SOT materials, as shown in Fig. 3 . With increasing σ 2 , the unit cell volume decreases slightly, but it increases up to 231.1 Å 3 at σ 2 = 0.005. With increasing Mn-O-Mn bond angle, the buckling and tilting of MnO 6 octahedra substantially reduce. 23 The particle size and distribution of the typical sample with σ 2 = 0.003, as revealed by SEM and EDX, are shown in Fig. 4 . The powder was multifaced and irregularly shaped, with the particle size ranging from several hundred nanometers to several micronmeters. From Fig. 4 A central issue for the correlation between chemical composition variation and the magnetic properties of La-based manganites is the relative amount of Mn 4+ and Mn 3+ ions in each sample. In order to investigate the coexistence of Mn 4+ and Mn 3+ ions in our samples, detailed scans of the chemical state were obtained by XPS measurements. The C1s line with binding energy (BE) 284.8 eV corresponds Fig. 5(b) , the XPS peak of the Mn2p core level could be deconvoluted into two components, and the area ratios of these doublets were 2:1 for the Mn 2p 3/2 and 2p 1/2 peaks. The Lorentzian full-width at half-maximum (FWHM) for each component varied from 1.6 to 2.7 eV. The fitting of Mn 2p was in good agreement with the earlier result reported by Zhi et al. 25 The doublet component at 641.1 and 652.8 eV can be assigned to Mn 3+ , and the peak at 643 and 654.3 eV can be ascribed to Mn 4+ . The intensity ratio of Mn 4 þ (3d 4 , t 3 2g" e 1 g" ) to Mn 3 þ (3d 3 , t 3 2g" e 0 g" ) was calculated as 0.586 for the sample with σ 2 = 0.001, as shown in Table II , in good agreement with the theoretical value of the content ratio of Mn 4 + /Mn 3+ , i.e., La 0.7 Ca 0.3 MnO 3 (Mn 4+ /Mn 3+ = 3:7). 21, 26 The slight variation in Mn 4+ /Mn 3+ is acceptable and typically proves that the proportion of Mn 4+ is slightly increased, which affects the DE interaction due to the increased A-site cation radius distribution σ 2 . As shown in Fig. 5(c) , the O1s pattern could be fitted by three peaks with binding energies of about 528.8, 530.6, and 532.2 eV, attributable to oxygen in La-O and Mn-O chemical bonds and adsorbed oxygen, respectively.
The A-site cation radius distribution σ 2 does not change the Mn 4+ /Mn 3+ content ratio or ⟨r A ⟩ of the samples when σ 2 is increased from 0.0002 to 0.007. Furthermore, the Curie temperatures of these five samples should show shifts to lower values since σ 2 weakens the strength of DE interaction between Mn 4+ and Mn 3+ .
B. Magnetic measurements
The A-site variance σ 2 directly influenced the magnetic properties of the samples. In order to understand the effect of σ 2 , the temperature dependences of magnetization, M-T, under an applied magnetic field of H = 500 Oe, were determined for each of the samples with zero-field-cooled warming (ZFCW), as shown in Fig. 6 . It can be seen that the samples underwent an FM-PM transition in the region of 100-260 K as the temperature was increased. The Curie temperature (T C ) was determined from the minimum point of the dM/dT vs T curve, as shown in the inset in Fig. 6 . T C decreased from 254 K to 108 K on increasing σ 2 from 0.0002 to 0.007, as plotted in Fig. 7 . Therefore, the strength of the DE interaction decreases with increasing σ 2 . Previously, Banik et al. 16 showed that upon increasing the variance σ 2 from 1.85 × 10 −3 to 1.66 × 10 −2 for a fixed A-site ionic radius ⟨r A ⟩ = 1.244 Å, T C decreases from 368 K to 105 K. A previous report 27 showed σ 2 to be well correlated with T C .
Based on the M-T data, Fig. 8 shows the inverse magnetic susceptibility as a function of temperature for all of the samples. The data show that, at high temperatures, all samples obey the Curie-Weiss law,
Extrapolating the high T data to 1 χ yields the paramagnetic Curie temperature θ p and the Curie constant C, where 
eff . The effective paramagnetic moment μ eff could also be derived from the fitting line shown in Table III . The inset in Fig. 8 shows the variations in T C and θ p with σ 2 . Both T C and θ p usually remain almost the same in a system showing a long-range ferromagnetic order. However, the occurrence here of a deviation between θ p and T C , with a maximum at σ 2 = 0.005, can be easily seen from the upward fitting line of the data from the Curie-Weiss law. The experimental values of the effective paramagnetic moments μ eff using the relationship μ cal eff (μB) ¼ .82, and 9.09 for σ 2 = 0.0002, 0.001, 0.003, 0.005, and 0.007, respectively, larger than the theoretical μ eff of 4.62 μ B for an effective Mn ion. Based on the deviation presented above, the different values of θ p and T C as well as the larger values of μ eff compared with the theoretical value are diagnostic of the formation of ferromagnetic clusters. 16 Accordingly, we may conclude that the long-range ferromagnetic DE interaction is basically broken with increasing σ 2 , which results in the formation of ferromagnetic clusters.
C. Magnetocaloric measurements
The effect of A-site ionic size mismatch σ 2 should also be reflected in the magnetocaloric response. In this regard, a series of isothermal magnetization curves was plotted at around the FM-PM transition temperature. Figure 9 displays the isothermal magnetization curves for all of the compounds in the field range from 0 to 1.6 T with a temperature interval of 2 K. Arrott plots were obtained from the magnetization data and are given in Fig. 9 . For the sample with σ 2 = 0.0002, its Arrott plot is S-shaped, revealing the occurrence of a first-order transition (FOT). This shape gradually disappears when σ 2 is increased up to 0.003. On the other hand, the Arrott plots for the σ 2 = 0.005 and 0.007 samples show a linear relationship with a positive slope, indicating a second-order transition (SOT). Therefore, it is expected that increasing σ 2 will weaken the first-order magnetic phase transition and that at higher σ 2 the nature of the phase transition switches to second order. Suemitsu et al. 19 and Anwar et al. 29 have also shown that FOTs are observed for La 0.7 Ca 0.3 MnO 3 samples.
Magnetic properties are strongly correlated with σ 2 , and the effect of the A-site variance σ 2 will also be reflected in the magnetocaloric response. In order to evaluate the MC effect and its relationship with σ 2 , magnetic entropy change jΔS M j max was 
Here, T and H max are the temperature and the maximum value of the external applied magnetic field, respectively. In practice, ΔS M can also be evaluated by replacing the integration with a summation, which is approximated by 31
Here, M i and M iþ1 are magnetization values measured under the magnetic field H i at temperatures T i and T iþ1 , respectively. Figure 10 shows the changes in magnetic entropy ÀΔS M of La 0.7 − x Nd x Ca 0.3 − x (Ba,Sr) x MnO 3 (σ 2 = 0.0002, 0.001, 0.003, 0.005, and 0.007) with different field variations. As shown in Fig. 10 , the maximum magnetic entropy ÀΔS M always occurs at a temperature near T C and its value increases with increasing ΔH from 0.4 T to 1.6 T at a given temperature. Moreover, for the sample with σ 2 = 0.007, the peak position of ÀΔS M,max is stable when the magnetic field is increased. However, the peak position shifted toward higher temperatures in the samples with a lower A-site variance σ 2 . This feature indicates a distribution of ferromagnetic interaction strengths in the samples with a lower σ 2 . 16 Besides, with increasing σ 2 , the width of ÀΔS M is found to increase markedly. This change may be attributed to the crossover of the FOT-SOT transition.
In addition to ÀΔS M , relative cooling power (RCP) is also suitable for evaluating the cooling efficiency of magnetic refrigerants. The RCP can be defined as follows:
where ÀΔS max M and δT FTHW are the maximum magnetic entropy change and its full-width at half-maximum, respectively. Figure 11 depicts the magnetic field dependences of RCP for the samples La 0.7 − x Nd x Ca 0.3 − y (Ba,Sr) y MnO 3 (σ 2 = 0.0002, 0.001, 0.003, 0.005, and 0.007). An increase in the applied magnetic field enhances the value of RCP. At a specific field, the RCP of lower σ 2 samples is larger than that of higher σ 2 samples. This is because the FOT-SOT transition enhances the width of ÀΔS M , and the ÀΔS M of SOT samples (σ 2 = 0.005, 0.007) is much smaller than that of FOT samples (σ 2 = 0.0002, 0.001, and 0.003). For comparison, we list the ÀΔS M,max and RCP values of La 0.7 − x Nd x Ca 0.3 − y (Ba,Sr) y MnO 3 (σ 2 = 0.0002, 0.001, 0.003, 0.005, and 0.007) and relevant reported manganite materials in Table IV . Although the RCP values of these samples are much smaller than that of Gd, the perovskite manganite samples exhibit a tunable MCE and can thus be considered potential materials for refrigeration applications.
IV. CONCLUSION
We have studied the structural, magnetic, and magnetocaloric properties of La 0.7 − x Nd x Ca 0.3 − y (Ba,Sr) y MnO 3 with different A-site ionic size mismatches σ 2 but a constant A-site ionic average radius ⟨r A ⟩ = 1.2052 Å. Though σ 2 increased from 0.0002 to 0.007, all of the samples crystallized in an orthorhombic perovskite structure. An XPS study indicated an Mn 4+ /Mn 3+ ratio in good agreement with the theoretical value of 3:7. It is clearly shown that the Curie temperature T C decreases with increasing σ 2 , due to the decrease of DE ferromagnetic interaction strength. Interestingly, the relative M-H data indicate that the samples with a lower σ 2 at fields H = 0-1.6 T exhibit FOT, whereas SOT can be observed for the samples with a higher σ 2 . The samples exhibiting FOT have large MCEs. At H = 1.6 T, RCP values were evaluated as about 72.1, 81.0, 79.9, 45.9, and 35.2 J kg −1 K −1 for the samples with σ 2 = 0.0002, 0.001, 0.003, 0.005, and 0.007, respectively. Therefore, in order to induce crossover of FOT and SOT for practical applications, further TABLE IV. Comparison of the values of −ΔS M (J kg −1 K −1 ) and RCP (J kg −1 ) of La 0.7 − x Nd x Ca 0.3 − y (Ba,Sr) y MnO 3 (σ 2 = 0.0002, 0.001, 0.003, 0.005, and 0.007) with those of some relevant materials.
Sample
T C (K) ΔH (T) −ΔS max (J kg −1 K −1 ) RCP (J kg −1 ) Reference fine-tuning of σ 2 is needed to adjust the magnetocaloric properties of perovskite manganite.
